Galactans from the Indian agarophyte Gracilaria pudumadamensis were extracted and characterized. The isolated native (GP Native ) and alkali treated (GP Alkali ) galactans were characterized by IR, 13 C NMR, GC-MS and GPC. It was found that GP Native and GP Alkali were composed mainly of 3,6-anhydro L-galactose, 6-O-methylated D-galactose and galactose in various mole proportions (15.6:69.9:17.5 mole% for GP Native and 20.2:69.8:10.0 mole% for GP Alkali ). The GP Native and GP Alkali exhibited low gel strengths (<100 g/cm 2 ) and high melting points (~76 °C), which may be due to the presence of high 6-O-Me-galactose contents. The latter, having low sulfate (2.1%), was by far the greatest 6-O-Me-galactose containing polysaccharide in a Gracilaria spp. reported in the literature. This methylated agar contained very low heavy metal ions estimated by inductively coupled plasma spectrophotometry (ICP). The results of this investigation would be useful in bioprospecting of agarophytes, especially those occurring in Indian waters and would be potentially useful in food, personal care and related domains.
Gracilaria species are well recognized as a source of linear galactan polysaccharide agar, consisting of the repeating units of (1→3) linked β-D-galactopyranosyl and (1→4) linked α-L-3,6-anhydro galactopyranosyl ( Figure S1 ). Gracilaria is one of the algal genera from which agar is extracted commercially and is the major worldwide agar source [1a-1b, 2a-2b] . Agars are widely used in industry for their excellent gelling and thickening abilities [3] . Methylated low gel strength agars from six Gracilaria species, namely G. debilis, G. compressa, G. foliifera, G. domingensis, G. damaecornis and G. ferox [4] , and highly methylated agars from G. eucheumoides, G. arcuata and G. edulis, have been reported [5a-5c] . Red seaweed galactans are widely used in the food and pharmaceutical industry [6] . Agars and agarose of various grades have been extracted from different Indian agarophytes in our laboratory [7a-7d] . Cultivation of commercially important seaweeds, including many agarophytes in Indian waters, is being made to sustain availability of the seaweed biomass [8] . The extraction of low gel strength agars from different Gracilaria spp. of Indian waters has been reported [9a-9c] . Methylated agar (3-linked 6-O-methyl-D-galactose and 4-linked 3,6-anhydro-Lgalactose) having floridean starch has been recently reported [10a-10c] .
G. pudumadamensis Krishnamurthy & Rajendran occurs naturally along the south east coast of India [11] . There exists no report on the extraction and characterization of agars from G. pudumadamensis from either Indian waters or elsewhere. We report herein the extraction and physico-chemical characterization of the galactans of G. pudumadamensis of Indian waters.
Physicochemical properties:
The yields of native and alkali galactans of G. pudumadamensis were 20.5 % and 16.0% with respect to the dry seaweed, respectively. Significant differences were observed in the yields of galactans. Those of alkali treated galactans were lower than those of the native ones, which may be due to the losses caused by the alkali hydrolysis during pretreatment [7b,7c] .The sulfate content of the native galactan was 4.2%, which was higher than that of the alkali treated one (2.1%).
Native and alkali galactans of G. pudumadamensis had gel strengths < 100 g/cm 2 at 1.5%, w/w, respectively. The values for apparent viscosity of the native and alkali treated galactans were 6.8 (±1.0) and 12.5 (±1.0) cP, respectively. No significant variations were registered in the gelling and melting temperatures of the native and alkali treated polysaccharides. The melting and gelling temperatures of native and alkali treated samples, however, showed marginal upward changes (68±0.5 o to 76±0.5 o C and 37 o C to 41±0.5 o C respectively) ( [7a] . The corresponding weight average molecular weights (Mw) of the native and alkali treated galactans were 6.69 ×10 5 and 7.39 ×10 5 Da, respectively, and the respective polydispersity indices 4.11 and 3.68. The polydispersity indices of both the native and alkali modified galactans were higher than unity suggesting structural heterogeneity/branching of the galactans [13a-13b] . The ash and nitrogen contents of the native and alkali treated galactans were 3.7 + 0.6% and 0.20 + 0.05%, and 2.6 + 0.6 and 0.15 + 0.05%, respectively.
Monosaccharides analysis:
The monosaccharide compositions of the galactan samples of G. pudumadamensis were determined by GC-MS ( Figures S3 & S4 ). It may be noted that both the native and alkali treated polysaccharides contained highly-methylated galactose, galactose and 3,6-anhydro galactose moieties (Table 1 ). Chemical analyses revealed that the native and alkali treated samples were mainly composed of 3,6-anhydro galactose It may be mentioned that besides G. pudumadamensis containing by far the greatest amounts of 6-Omethylated galactans, this constitutes yet another report of the occurrence of highly methylated galactans in Gracilaria species from Indian waters, the first ones being G. millardetii and G. textorii (21 mole% and 19.0 mole%, respectively) [10a] .
Metal ion contents of native and alkali treated galactans were estimated using commercially available agar (Fluka Cat. No. 5038) as a reference sample (Table S5 ). The low metal ion contents of these galactans would be useful when they are used in applications requiring low gelling materials.
Linkage analysis: Linkage analysis of native and alkali treated galactan samples of Gracilaria pudumadamensis were determined by GC-MS; similar linkage patterns were observed (Table S6) Figure S7 ). The diagnostic region (940-800 cm −1 ) contained two major absorption bands at 933 cm −1 and at 893 cm −1 , which indicated the presence of 3,6-anhydrogalactopyranosyl and galactose, respectively. Other characteristic bands at 1637, 1154, 1079, 1024 cm -1 were due to the bending of water molecules, C-O-C stretching of 6-O-methylated Gal, and C-O stretching of secondary and primary alcohols of pyranose ring residues, respectively [15a-15c] . The IR bands were in good agreement with those reported by Christiaen and Bodard [16] . 13 C NMR analysis: The 13 C NMR chemical shifts of the methylated galactan samples obtained from G. pudumadamensis were found to be similar to those reported for the methylated agar polysaccharide from other Gracilaria species [5c, 10a-10c] (Table  S8 ; Figure S9 ). 13 C NMR resonances of the methylated C-6 of 3linked as well as 3-linked galactose units were observed at δ 59.7 and 59.8 ppm in both samples (cf. GC-MS). In the spectrum of GP Native three anomeric carbons appeared at δ 103.15, 99.09 and 97.45 ppm, whereas those for GP Alkali appeared at δ 103.02 and 98.93 ppm in the galactan. The loss of one anomeric signal (~ 97.45 ppm) after alkali treatment suggested that some 4-linked 3,6-AnGal units were sulfated at C-2, from which desulfation occurred due to the alkali treatment [5c]. The groups of resonances for the methylene and methine carbons in the galactans were found in the range δ 82.6-61.9 ppm. Results of sugar profiling, linkage analysis and 13 C NMR spectra revealed that the polysaccharide was a highly 6-O-methylated galactan polymer.
Rheological measurements:
The temperature dependence of storage (G′) and loss moduli (G″) of alkali treated galactans were studied ( Figure S10 ). Crossover of G' and G″ traces occurred at the gelling point, which confirmed the values obtained by a manual method reported by Craigie and Leigh [17] . The time-dependent changes of the G' and G′′ values were also measured ( Figure S11 ). The GP native gel exhibited a lower G' value with time than the GP alkali galatan polysaccharides, but both traces remained linear indicating time-dependent stability of 0.05% gels [7c].
Conclusions:
The native and alkali-treated polysaccharides of G. pudumadamensis were composed of highly 6-O-methylated galactan having low gel strength. This galactan polymer was present in greater amounts than any other 6-O-Me-galactose containing polysaccharide in a Gracilaria spp. reported to date. Both native and alkali treated galactans contained low metal ion contents. This galactan polymer could be of potential utility in applications demanding low gelling properties e.g. food, personal care and related domains. The results reported herein would also be useful in bioprospecting work on agarophytes.
Experimental
General: FTIR, Perkin-Elmer Spectrum GX (FT-IR System, USA); 13 C NMR Bruker Avance-II 500 (Ultra shield) Spectrometer; Borane 4-methyl morpholine complex (MMB) was purchased from M/s Sigma Chem. Co., USA.
Alga: Gracilaria pudumadamensis Krishnamurthy & Rajendran was collected from Pudumadam (09 o 16.311'N, 78 o 59.921'E) along the south east coast of India. The seaweed thalli were washed with sea water to remove impurities and air dried. The voucher specimen (AL-II-157-07) was deposited with the CSIR-CSMCRI herbarium, Bhavnagar (Fig.S2 ).
Extraction of polysaccharide
Native extraction: Dry Gracilaria pudumadamensis (20 g each) was soaked in 600 mL water for 1 h at room temperature. The soaked seaweed was cooked in an autoclave with distilled water (1:30, w/v) for 1.5 h at 120 o C before being homogenized in a grinder, boiled with Celite and charcoal, and filtered through a Galactans of Gracilaria pudumadamensis Natural Product Communications Vol. 9 (9) 2014 1343
Celite bed under vacuum at 80 o to 90 o C on a Buchner funnel to obtain a clear extractive. This was cooled to room temperature (35 o C) for gel formation, and then kept in the freezer at -15 o C for 15 h. The frozen gel was allowed to thaw at room temperature (35 o C) to obtain the native galactan polysaccharide (GP Native ). Finally, the thawed agar was air dried for 24 h under ambient conditions and then dried in an oven at 50 o C for 2 h [12] .
Extraction of alkali treated galactans:
Alkali pre-treatment of Gracilaria pudumadamensis was carried out using 5% aqueous NaOH solutions following the procedure reported in the literature [12] . Briefly, samples of G. pudumadamensis (20 g dry each) were soaked in 600 mL tap water for 1 h at room temperature and then treated with 600 mL of aqueous NaOH solution at 80 o C in a waterbath for 2 h. After treatment, excess alkali was removed by washing with water until the washings showed a pH in the range 7-8. The seaweed was then autoclaved in distilled water (1:30, w/v) at 120 o C for 1.5 h. Afterwards the alkali-treated agar was obtained by freeze-thawing using the process mentioned above for the native agar. The percentage yields of dried native and alkali treated agars were calculated on the basis of the dry seaweed, as received. Native and alkali pretreated extractions were repeated three times.
Physico-chemical analysis:
Total carbohydrate content was determined by the method of Dubois et al. [18] . Sulfate contents were estimated on a Perkin-Elmer inductively coupled plasmaemission spectrophotometer (ICP)-OES Optima 2000DV, following the method of Wolnik [19] . The sulfur content (%) obtained from the experiment was multiplied by 3 to obtain the sulfate content (%). All analyses were made in triplicate and the mean values were calculated. Gel strength of a 1.5% galactan gel was measured at 20 o C on a Nikkansui-type gel tester (Kiya Seisakusho Ltd., Tokyo, Japan). The gelling and melting temperatures of the gel samples were recorded as reported earlier [7b] . For measurement of gelling temperature, 10 mL (1.5% w/v, 90 o C) of a hot solution of the sample was allowed to cool gradually and a thermometer was placed in the sol. The temperature at which the thermometer was fixed to the gel was recorded. For melting temperature, the gel was heated on a water bath and one stainless steel iron ball (weight ca. 1.0 g) was placed on the surface of the gel. The temperature at which the ball touched the bottom of the tube was recorded. Apparent viscosity was measured (of a 1.5% galactan solution) on a Brookfield viscometer (DV-II+Pro) using a SC4-18 spindle at 60 rpm at 60 o C. Optical rotations of galactan samples (0.25%) at 45 o C using a wavelength of 589 nm were measured on a Rudolph Digi pol-781 Polarimeter (Rudolph Instruments Inc, NJ, USA).
Dynamic rheological measurements of sol and gel samples of the native and alkali-treated galactans were carried out on a rheometer (Anton Paar Physica MCR 301, USA). Temperature dependence measurements were carried out with a 0.05% strain value immediately after placing the sample solution on the plate, having covered the exposed part of the sample with silicone oil to minimize losses due to evaporation. G′G″ cross-over points were obtained.
The time dependence of storage moduli (G') and loss moduli (G''), of galactan polymers were measured on an Anton Paar Physica MCR 301 rheometer, USA, using parallel plate PP50/P-PTD200 geometry (50 mm diameter; 0.1 mm gap).
Molecular weight determination:
Molecular weights of GP Native and GP Alkali were determined by high-performance gel-permeation chromatography (HP-GPC) on a Waters HPLC (Waters, Massachusetts, USA) equipped with an Ultrahydrogel column, a refractive index detector (model 410) and a Millennium 32 Workstation. Aliquot solutions (20 µL, 0.2%) were injected on to the column and 0.1% aqueous NaNO 3 was used as the mobile phase with a flow rate 0.6 mL/min. Oven and flow cell temperatures were maintained at 45 o C for all measurements. Dextrans of different molecular weights e.g. 4.4×10 3 , 4.3×10 4 , 1.96×10 5 , and 4.01×10 5 Da were used as standards for calibration. Area measurements, calculations of molecular mass and polydispersity index were determined using Empower 2 Software, USA.
Monosaccharide and methylation analysis:
Monosaccharide compositions of GP Native and GP Alkali were determined quantitatively as their peracetylated alditols obtained by reductive hydrolysis followed by acetylation, as described by Stevenson and Furneaux [20] . The resulting alditol acetates were analyzed by GC-MS on a capillary column (BP 225; length 25 m, thickness 0.25 µm, diameter 0.22 mm, on a Shimadzu GCMS-QP2010 machine) using a temperature program from 160 o C (3 min hold ) to 230 o C (10 o C/min), a split ratio of 1:30 and a flame ionization detector (FID). Helium was used as carrier gas at a flow rate 1 mL/min. Quantification was carried out on the basis of peak area measurements. Methylation of GP Native and GP Alkali was made as described by Ciucanu and Kerek [21d] . Permethylated alditol acetates (PMAAs) were obtained by reductive hydrolysis using MMB followed acetylation. The resulting partially methylated alditol acetates (PMAA) were analyzed by GC-MS using the above mentioned program. The identifications of PMAAs were made on the basis of retention times and mass fragmentation patterns [21a-21d] .
Supplementary data: Monosaccharide data, linkage data, NMR, data are also available.
